Activated alveolar macrophages and epithelial type II cells release both nitric oxide and superoxide which react at near diffusion-limited rate (6.7 x 10' M -'s -) to form peroxynitrite, a potent oxidant capable of damaging the alveolar epithelium and pulmonary surfactant. Peroxynitrite, but not nitric oxide or superoxide, readily nitrates phenolic rings including tyrosine. We quantified the presence of nitrotyrosine in the lungs of patients with the adult respiratory distress syndrome (ARDS) and in the lungs of rats exposed to hyperoxia (100% O2 for 60 h) using quantitative immunofluorescence. Fresh frozen or paraffin-embedded lung sections were incubated with a polyclonal antibody to nitrotyrosine, followed by goat anti-rabbit IgG coupled to rhodamine. Sections from patients with ARDS (n = 5), or from rats exposed to hyperoxia (n = 4), exhibited a twofold increase of specific binding over controls. This binding was blocked by the addition of an excess amount of nitrotyrosine and was absent when the nitrotyrosine antibody was replaced with nonimmune IgG. In additional experiments we demonstrated nitrotyrosine formation in rat lung sections incubated in vitro with peroxynitrite, but not nitric oxide or reactive oxygen species. These data suggest that toxic levels of peroxynitrite may be formed in the lungs of patients with acute lung injury. (J. Clin. Invest. 1994.94:2407-2413 
Introduction
The free radical nitric oxide (-NO)1 is the major form of the endothelial-derived relaxing factor that is enzymatically synthesized from arginine oxidation by a NADPH-dependent nitric oxide synthase. Nitric oxide causes smooth muscle relaxation by activating soluble guanylate cyclase, and inhibits platelet aggregation and adhesion to endothelium by increasing cGMP. Because of the vasorelaxant properties of -NO and its rapid inactivation in the blood by its reaction with hemoglobin, -NO inhalation has been advocated as a means of selectively reducing pulmonary hypertension and improving ventilation/perfusion mismatching in patients with idiopathic pulmonary hypertension and adult respiratory distress syndrome (1, 2) .
In spite of its therapeutic potential, -NO has significant cytotoxicity. In high concentrations, -NO may inactivate critical enzymes (such as mitochondrial aconitase, NADH:ubiquinone oxidoreductase) by interacting with iron-sulfur centers to form iron-sulfur-nitrosyl derivatives, and inhibit both DNA and protein synthesis (3, 4) . Also, since *NO is a free radical, it can undergo a radical-radical reaction with superoxide at near diffusion-limited rates to yield peroxynitrite, a potent oxidizing agent known to initiate lipid peroxidation in biological membranes, hydroxylation and nitration of aromatic amino acid residues, and sulfhydryl oxidation of proteins (5, 6) . Furthermore, peroxynitrite may decompose homolytically to yield nitrogen dioxide, and species with hydroxyl radical-like reactivity, without the need of metal catalysis (7) .
Stimulation by cytokines or lipopolysaccharide causes alveolar macrophages, lung epithelial, endothelial, and interstitial cells to produce large amounts of *NO and superoxide for prolonged periods of time, creating foci for the intense and localized production of peroxynitrite and its toxic intermediates, in close proximity to all components of the blood gas barrier. Our previous results indicate that peroxynitrite, or agents that generate -NO and superoxide simultaneously, damage alveolar type II cells and specific surfactant apoproteins to a much higher extent than supraphysiological concentrations of reactive oxygen species (8) (9) (10) . These findings indicate the cytotoxic potential of peroxynitrite to the mamalian alveolar epithelium. However, currently, there is controversy as to whether peroxynitrite is being formed by mammalian lung cells in vivo.
One way to demonstrate peroxynitrite fornation in vivo is to detect the presence of stable by-products of its reaction with various biological compounds. 3-nitro-tyrosine, the product of the addition of a nitro group (NO2) to the ortho position of the hydroxyl group of tyrosine, is such a stable compound. Herein we report the presence of 3-nitro-tyrosine (nitrotyrosine) in (a) the lungs of pediatric patients with adult respiratory distress syndrome (ARDS), and (b) in the lungs of rats exposed 100% 02 for 60 h. This exposure protocol has been shown to damage both the pulmonary capillary endothelium and the alveolar epithelium and results in noncardiogenic pulmonary edema (11) . Thus, the pathophysiology of hyperoxic injury to the mammalian lung resembles closely the pulmonary manifestations of human adult respiratory distress syndrome. The presence of nitrotyrosine was demonstrated by incubating tissue sections, obtained from the lungs of both patients and animals, with a polyclonal antibody to nitrotyrosine (12) , followed by a sec- Throughout the exposure period, the chambers were housed in a room kept at constant temperature (21°C). The construction of the chambers allowed for the administration of food and water to the rats and the removal of animal waste through airlocks without altering the gas composition of their environment. The chambers were continuously flushed with 10 liter/min of 100% 02 (Airco, Bir- mingham, AL). The oxygen concentration in the chamber, monitored periodically with an oxygen analyzer (model 5120; Ohmeda, Englewood, CO), was always higher than 97%. In all experiments the temperature in the chamber was between 23-24°C.
At the end of the 60-h exposure period, the rats were removed from the chambers, and anesthetized by an intraperitoneal injection of sodium pentothal (50 mg/kg). The trachea was exposed and a plastic catheter was inserted so its tip was just above the carina. The catheter was occluded and the lungs were allowed to collapse by absorption atelecta- sis. The chest was then opened, and 10 ml of Tissue-Tek omithine carbamyl transferase compound was instilled into the lungs via a syringe. The lungs and heart were removed from the thoracic cavity en bloc, and immediately frozen at -20°C. Cryo-sections (6 ,um) were cut at -30°C and mounted on glass slides. Immunofluorescent measurements. Paraffin-embedded sections were deparaffinized by dipping in successive solutions containing alcohol and xylene. These sections, along with the fresh frozen ones, were then fixed and permeabilized by immersion in pure methanol at -20°C for 7 min, followed by immersion in 1% cold (4°C) bovine serum albumin in PBS for 3 h to block nonantigenic sites. They were then incubated with a polyclonal antibody raised against nitrotyrosine (NTAb; 1:200 dilution), followed by a secondary antibody, goat anti-rabbit IgG conjugated to rhodamine (1:300 dilution). The NTAb was raised in rabbits by injecting them with peroxynitrite treated keyhole limpet hemocyanin (KLH; Pierce, Rockford, IL), in the presence of Fe3`EDTA (12) , which should drive the peroxynitrite modification towards nitration of the 3-position of the tyrosine residues, rather than hydroxylation. Phenylalanine is poorly nitrated by peroxynitrite, because it lacks the activating hydroxyl group in its aromatic ring.
In control measurements, tissues were incubated with NTAb in the presence of 10 mM nitrotyrosine, or with a similar amount of nonimmune anti-rabbit IgG. Tissues were then washed with cold PBS to remove unbound antibody, overlaid with a drop of glycerol/PBS (9:1) mounting medium containing 0.01% phenylene diamine to prevent fluorescence bleaching, covered with a coverslip and sealed with Cytoseal 60 Mounting Medium (Stephens Scientific, Denville, NJ). The nonspecific IgG (IgG, left); (b) the polyclonal antibody to nitrotyrosine (NTAb) (NTAb; middle), or (c) the NTAb in the presence of 10 mM nitrotyrosine (NTh; right). All sections were then incubated with a secondary antibody, goat anti-rabbit IgG coupled to rhodamine. All pictures were obtained with identical camera and computer settings. Significantly higher specific immunostaining (white areas) was noted with lung sections incubated with the NTAb (mean pixel intensity = 155) compared to sections stained with nonspecific IgG (mean intensity = 90), or the NTAb in the presence of 10 mM nitrotyrosine (mean intensity = 96). Results were reproduced using either formalin-fixed, or fresh-frozen sections from five patients with ARDS.
was measured and the mean intensity value was calculated using the IPLab Spectrum 2.2.1 software (Signal Analytics Co., Vienna, VA). Background fluorescence was digitally subtracted, as previously described (13) .
In vitro exposure of rat lung sections to oxidants. To determine which oxidant is capable of nitrating lung tyrosine residues, lung sections from control rats, prepared as described above, were immersed in a 10 mM Hepes solution (150 mM NaCl, 5 mM KCI, 2 mM CaCl2, 1.2 mM MgCl2; pH 7.4). They were then incubated for 2 h at 37°C with (a) a bolus of peroxynitrite (1 mM), synthesized from sodium nitrite and acidified hydrogen peroxide as previously described (7); (b) S-nitroso-N-acetylpenicillamine (SNAP; 100 1sM plus 100 1iM Lcysteine), which generates a mean *NO concentration of about 1 jiM over the exposure period (10; equivalent to 25 ppm of -NO in the gas phase); or (c) xanthine oxidase ( 10 mU/ml) plus pterin (200MM) in the presence of 100 MM Fe3+ EDTA, which generate superoxide, hydrogen peroxide, and hydroxyl radicals. Xanthine oxidase was equilibrated with 10 mM Hepes buffer (pH 7.4). Its activity was determined spectrophotometrically by measuring the rate of urate production at 295 nm in 500 MM xanthine (EM = 1.1 X 10-4 M-'cm-').
Statistical analysis. All results are expressed as means± 1 SEM. Statistical differences among group means were determined using one way analysis of variance and the Bonferroni modification of the t test.
Results
Paraffin-embedded lung tissue sections from a patient with sepsis-induced ARDS (A.P., see Table I ) exhibited significant specific immunostaining with the polyclonal antibody to nitrotyrosine (Fig. 1) . Immunostaining was reduced to control levels when lung sections were incubated with the NTAb in the presence of an excess amount of antigen (10 mM nitrotyrosine), or when the primary antibody was replaced with an equal amount of nonimmune IgG. Fig. 2 shows the relative distribution of the mean fluorescence intensity among the different lung fields examined from another ARDS patient (C.D.). Staining was continuous and uniform around the blood gas barrier. Mean pixel intensity in fresh frozen sections from this patient incubated with the NTAb was 37% higher than the corresponding value in formalin-fixed sections, obtained at the same time and processed under identical conditions. Based on these findings, since a larger proportion of lung sections from non-ARDS patients was fresh frozen, increased immunofluorescence should be expected, as compared with the ARDS group; the opposite was observed (see below). obtained when tissues were immunostained with either the NTAb or an equivalent amount of nonimmune IgG.
For each patient, values for the various fields in each section (at least n = 4) were averaged and the mean value was used to calculate the group mean (Fig. 4) . Thus, each patient was weighed equally in the calculation of the group mean. These results indicate that the lungs of patients with clinical and pathologic ARDS, but not from lungs without evidence of acute or chronic inflammation, contained significant levels of residues antigenically related to nitrotyrosine. In all lung sections obtained from ARDS patients, incubated with the NTAb in the presence of excess antigen (10 mM nitrotyrosine), fluorescence levels returned to control levels. Thus each patient served as its own control and the data indicate the presence of residues antigenically related to nitrotyrosine in the lungs of all ARDS patients examined, but in none of the controls.
Fresh-frozen lung sections from rats that were exposed to 100% 02 for 60 h, which results in a form of lung injury that has many of the characteristics of human ARDS ( 11), exhibited significantly higher levels of immunostaining when incubated with the NTAb (Fig. 5) . Similar to the lung sections of patients with severe acute lung injury, immunostaining was totally absent when lung sections were incubated with both the polyclonal antibody in the presence of nitrotyrosine (10 mM) , or with an equivalent amount of nonimmune IgG (Fig. 5) . Mean fluorescence values for the hyperoxic and control groups are shown in Fig. 6 . Data shown in this figure indicate the presence of residues antigenically related to nitrotyrosine in the lungs of rats exposed to hyperoxia. Significant levels of nitrotyrosine were also demonstrated in lung sections incubated with added peroxynitrite (1 mM; Fig. 7 ), but not hydrogen peroxide, superoxide anions, and hydroxyl radicals, generated by the action of xanthine oxidase (10 mM) on pterin (200 ,.M; not shown), or *NO alone, generated by SNAP (100 ,uM plus 100 AM L-Cysteine) or SNAP alone (1 mM; data not shown).
Discussion
Peroxynitrite, a potent oxidant generated from the rapid reaction of *NO with superoxide, has been implicated in the initiation and propagation of oxidant lung injury (14) . However, in vivo generation of peroxynitrite has not previously been demonstrated in the lungs. Peroxynitrite, but not *NO or superoxide, is capable of nitrating phenolic rings and tyrosine residues of proteins (10, 15) . Using immunofluorescent techniques, we have quantified nitrotyrosine residues in the lungs of both animals and humans. Acute lung inflammation during ARDS, triggered by a variety of predisposing factors, was associated with increased nitrotyrosine levels. Immunofluorescence was uniform across the disrupted epithelial-capillary membrane. Also, immunostaining was specific, since it was blocked completely by an excess amount of nitrotyrosine. Beckman et al. ( 12) rous acid or xanthine oxidase plus Fe3" EDTA. Also, incubation of peroxynitrite-treated surfactant protein A with dithionite, which reduces nitrotyrosine to aminotyrosine, completely eliminates the NTAb binding to this protein ( 10) . ARDS is characterized by increased endothelial and epithelial permeability, mediated by persistent release of inflammatory cytokines and various oxidants ( 16, 17) . In support of the oxidant stress theory is the protection demonstrated by administration of antioxidants in humans or animal models of ARDS (18, 19) . However, the exact nature of the in vivo oxidants remains in dispute. Alveolar macrophages, endothelial, and type II epithelial cells synthesize -NO via oxidative deamination of Larginine, and superoxide via a membrane bound NADPH oxidase (20, 21 ) . Although basal levels of -NO may be low, expo- sure of these cells to diverse stimuli of inflammation such as lipopolysaccharide (LPS), and interferon-y generate large amounts of -NO for prolonged periods of time (22, 23) . In addition, superoxide production is increased in ARDS particularly during periods of increased exogenous oxygen administration (24) . -NO reacts with superoxide at a rate constant of 6.7 x 109 M-'s-' at pH 7.4 to form peroxynitrite (25) . At physiologic pH, peroxynitrite can directly nitrate phenolic rings by a reaction with an activation energy of 20 kcal x mol -' or undergo a metal ion-catalyzed reaction to form a potent nitrating agent resembling the nitronium ion (26) . However, peroxynitrite may not be the only species capable of tyrosine nitration. Nitrogen dioxide can also nitrate tyrosine, although it is much less efficient than peroxynitrite because two molecules of nitrogen dioxides are required to nitrate one Figure 5 . Epifluorescence images of frozen, semi-thin (4-6 pm) sections of lungs from rats that were exposed to 100% 02 for 60 h (a and b) or room air (c). Sections a and c were immunostained with the polyclonal antibody to nitrotyrosine (NTAb); section b, with an equivalent amount of nonimmune IgG. All sections were then incubated with a secondary antibody, goat anti-rabbit IgG coupled to rhodamine. All pictures were obtained with identical camera and computer settings. Notice the significantly higher level of fluorescence when an oxygen exposed lung section was incubated with the NTAb as compared to a room air control. Typical sections were reproduced using lung sections from four different oxygen and three air breathing rats.
Lutg Nitrotyrosine in ARDS 2411 - --7 ..7-;.j m ioo % o 2 EEL" Air Figure 7 . Epifluorescence images of semi-thin (4-6 ,m), frozen rat lung sections. Sections were exposed to 1 mM peroxynitrite for 15 min, by immersion in a 10 mM Hepes solution (pH 7.4) to which peroxynitrite was added at time zero. They were then immunostained with either the polyclonal antibody to nitrotyrosine (NTAb; right), or an equivalent amount of nonspecific IgG (IgG; left), followed by the secondary antibody, goat anti-rabbit IgG conjugated to rhodamine. White areas contain higher fluorescence than background (black). Exposures were taken under identical conditions. Typical images were reproduced at least four times.
tyrosine (12) . This will result in a slow overall nitration rate by nitrogen dioxide. We have shown that the NTAb did not cross-react with rat lung sections exposed to reactive oxygen species generated by xanthine oxidase plus Fe3 EDTA, or to *NO generated by SNAP (100 uM plus 100 JM L-cysteine).
This amount of SNAP has been shown to generate -NO at a mean concentration of 1 MM -NO over the 2-h exposure time (10) . It should be noted that at these physiologic low concentrations of *NO, nitrogen dioxide formation from the reaction of -NO and dioxygen will be extremely slow and can be ignored ( 12) . Several methods have been used to detect the presence of nitrotyrosine. Nitrotyrosine content can be quantified by HPLC analysis of amine-derivatized free amino acids following hydrolysis in 6 N HCl for 16-24 h at 100°C (8) . Nitrotyrosine has recently been found in the urine of healthy humans by a sensitive gas chromatographic-thermal energy analysis method (27) , in atherosclerotic lesions of formalin-fixed human coronary arteries, and in lung sections of patients with sepsis-induced ARDS and pneumonia (28) . Furthermore, detection of nitrated tyrosine residues by the NTAb in peroxynitrite-treated bovine serum albumin correlated with quantitation using a modified HPLC which relies on the intrinsic ultraviolet (UV) absorbance of nitrotyrosine at 280 nm (29) .
Although activated rat alveolar macrophages produce *NO and peroxynitrite (22), the production of these species by isolated human macrophages stimulated by various cytokine combinations has been more difficult to demonstrate (30) . Denis (31) has described the induction of high-output *NO synthase by human blood monocyte-derived macrophages infected with Mycobacterium avium. Also, Pneumocystis carinii, but not a combination of lipopolysaccharide and interferon-,y, increased nitrite production by isolated human lung macrophages (32) , suggesting that these cells are capable of -NO generation when properly stimulated. Recently, Kobzik et al. (20) demonstrated that human alveolar macrophages immunostain for inducible *NO synthase in areas of inflammation.
Tyrosine nitration may have a biologic effect on the structure and function of proteins. Nitration of surfactant protein A by peroxynitrite has been associated with decreased protein function (8) . Similarly, nitration of tyrosine inhibits cytochrome P450 (33) and inactivates the complement subcomponent Clq binding capacity of human IgG (34) . Tyrosine nitration has also been shown to inhibit protein phosphorylation, which may interfere with intracellular signal transduction (35) . Nitrotyrosine, increased in subject J. J. during an episode of ARDS, was at baseline levels in lung sections obtained from this patient during an open lung biopsy, 1 yr later. This suggests that nitrotyrosine can be turned over and degraded in vivo. However, the rate of turnover and the mechanism involved remain to be determined.
